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Nitric Oxide Synthase, Cyclooxygenase 2, and Vascular Endothelial
Growth Factor in the Angiogenesis of Non-Small Cell
Lung Carcinoma

Aizen J. Marrogi, William D. Travis, factors including NOS2, COX2, and VEGF. Furthermore,
Judith A. Welsh. Mohammed A. Khan the role of angiogenesis in the biology of various histological

. . lung cancer types may be different. The complexity of an-
Haress Rahim, Henry Tazelaar, Peter Pairolero, giogenesis may explain the modest results observed in anti-

Victor Trastek, James Jett, Neil E. Caporaso, angiogenesis therapy that target a single protein.
Lance A. Liotta, and Curtis C. Harris *
Laboratory of Human Carcinogenesis [A. J. M., J. A. W.,, M. A. K, INTRODUCTION

H. R., C. C. H], Laboratory of Pathology [L. A. L.], Genetic . . . . .
Epidemiology Branch [N. E. C.], National Cancer Institute, NIH, Angiogenesis is essential for tumor growit vivo (1).

Bethesda, Maryland 20892; Armed Forces Institute of Pathology, Cytokines and growth factors, such as Ta; TGF, platelet-
Washington, DC 20306 [W. D. T.]; and Mayo Clinic, Rochester, derived growth factor, basic fibroblast growth factor, and

Minnesota 55905 [H. T., P.P.,, V. T., J. J.]. VEGF, are known to promote angiogenesis (2-5). Although the
up-regulation of these factors may be related, in part, to the host
immune system, oncogenesg.,K-ras (6) and tumor suppres-
sor genese.g.,p53 (7, 8), can regulate the expression of these
angiogenic proteins.

Angiogenesis is a complex process where several proteins
and enzymatic pathways converge. COX2, a catalyst in pros-
taglandin synthesis from arachidonic acid, contributes to the

(MVD) and clinical outcome in human non-s_,mall cell lung regulation of angiogenesis by various genes, including platelet-
cancer (NSCLC). Furthermore, we hypothesized that MVD derived growth factor, VEGF, fibroblast growth facter-and

may explain the propensity of certain histological lung can- TGF-B. Using selective inhibitors of COX2, Tsuijst al. (9)

cer subtypes for early metastasis via a hematological route. \yere aple to block the expression of several angiogenic factors
Immunohistochemically, we studied the protein expression including VEGF. Furthermore, Celecoxib (NS398), a specific

levels of NOS2, COX2, and VEGF and MVD by counting  cox2 inhibitor, has been shown to inhibit the growth of 97% of
CD31-reactive blood vessels (BVs) in 106 surgically resected colon cancer cells by reducing the number of hotspots in the
NSCLC specimens. NOS2, COX2, and VEGF immunoreac- tumor-stromal bed (10).

tivity were observed in 48, 48, and 58%, respectively, of the Another angiogenesis modulator is NOS2, which appears
study subjects, and their Ieve<ls correlated with MVD atthe  oyart 4 direct effect on several angiogenic factors such as
tumor-stromal interphase (P = 0.001). More adenocarcino-  yEGE. Through the depletion of intracellular iron, the expres-
mas and large cell carcinomas displayed overexpression of jo, of VEGF is activated (11). These observations were further
NOS2 when compared with squamous cell carcinoma (SCC; confirmed by Ambset al. (12), who reported higher VEGF
r=2044P < (_)'001)'_NOSZ and COX2 vaels v.vere found to protein and mRNA levels in NOS2-expressing cells when com-
correlate positively with VEGF status ( = 0.44;P < 0.001, 3164 with the control vector-containing cell lines. These levels
0.01, and 0.03, respectively). These results attest to the Sig- \yere reduced when an inhibitor was added to the culture (12).
nificant interaction of these factors in the angiogenesis of N5 can induce COX2 through the overexpression of nuclear
NSCLC. Although neither angiogenic factors nor MVD cor- 30r«B and its dimer subunit, p60/p65, which enters the
related with patient survival, the latter correlated with tu- nucleus and induces NOS2 and COX2 among other genes (13).
mor clinical stage in both squamous (SCC; 73 B\_/S/mﬁ) Although VEGF levels appear to be mediated primarily by
and non-SCC (78 BVs/mnf) tumors. These results indicate 1, ia induced factor-1 (7), there is evidence to suggest that
that angiogenesis is a complex process that involves multiple both NOS2 and COX2 may play a role in the signaling pathway
that leads to its overexpression. NOS2 is known to function as
an up-regulator of VEGF-regulated kinases and mitogen-acti-
vated protein kinases (14). In contrast, wild-type p53 exerts a

ABSTRACT

We have investigated the hypothesis that nitric oxide
synthase (NOS2), cyclooxygenase-2 (COX2), and vascular
endothelial growth factor (VEGF) protein levels individually
demonstrate a direct correlation with microvessel density
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Table1 NOS2, COX2, VEGF, and MDV status in relation to patients’ demographic data, cancer histopathology, and clinical staging

No. NOS2 (%) COX2 (%) VEGF (%) MVD/fh
All 106 51 (48) 51 (48) 61 (58) 76.3
Male 62 30 (48) 27 (44) 36 (58) 74.6
Female 44 21 (48) 24 (55) 25 (57) 78.7
Smoking history
Smokers 102 49 (47) 50 (48) 55 (54) 76.5
Nonsmokers 4 1(25) 3(75) 2 (50) 71.0
Histology
ADC 55 28 (49) 29 (53) 34 (56) 79.0
SCC 29 7(27) 14 (48) 13 (45) 64.0
LCC 22 16 (73) 11 (50) 14 (64) 89.0
Tumor size
T, 24 17 (71) 11 (46) 18 (75) 78.3
T, 43 30 (70) 22 (51) 28 (65) 82.1
T, 39 21 (54) 24 (62) 25 (64) 67.5
Lymph node status
o 56 36 (64) 27 (48) 35 (63) 72.4
N, 30 19 (63) 19 (63) 21 (70) 76.9
N, 18 12 (67) 11 (61) 13(72) 83.0
Clinical stage
I 52 35 (67) 29 (56) 35 (67) 72.1
Il 19 11 (58) 8 (42) 13 (68) 80.4
Il 26 17 (65) 16 (62) 16 (62) 79.2
\Y 8 5 (63) 6 (75) 7 (88) 86.9

significant influence on the process through the induction oflack of parenchymal destruction and the absence of both tumor-
thrombospondin-1 (15), which down-regulates NOS2, COX2,associated stroma invasion and neoangiogenesis (26). Further-
and VEGEF directly (15), or though the activation of pro-TBF- more, VEGF forms four isoforms involving alternative splicing,
to active TGFB, a major suppressor of these protein levels (16).resulting in amino acid sequences ranging from 121 to 206.
In addition, p53transsuppresses COX2 levels directly (17). |soform expressions were measured on normal and transformed
Our previous work has shown that wild-type pS3 may play ajyng and colon tissues. Shorter peptides (121 and 165) were
more central role in the regulation of angiogenesis through it§oyng at higher levels in malignant tissues, whereas longer
direct control loop of NOS2 and VEGF (8, 12, 18). _ isoforms were observed in normal tissues. These observations
Tumor angiogenesis has received attention as a plausiblg . ect that during malignant transformation, a switch takes
candidate in relation to prognosis in NSCLC. Several studies havBIace to a more active bioavailable and diffusible form of VEGE
found that VEGF, VEGF receptors, and MVD have a direct cor- through alternative splicing (27).
relation with prognosis (2, 19), node-free intervals, and relapse- an(J1 We have studied the levels of NOS2 COX2. and VEGE

recurrence-free periods (20). However, other studies were not as . . ) .
b (20) rotein levels in 106 surgically resected NSCLC tumors and

conclusive (21, 22). The discrepancy in these results can be attrit . . .

uted to several variables, such as tumor histology and the type rrelated these levels with MVD. Furthermpre, we |nvest|ga.ted

vascular marker used to measure MVD. the effect of these markers on tumor size, histology, and clinical
In a study of 108 NSCLC samples, where tissues werePUtcome.

stained with CD34 and factor VIII, Yanet al. (19) concluded

that MVD, as measured by CD34 and VEGF levels, CorremtedMATERlALS AND METHODS

with survival, postoperative recurrence, and metastasis in ADC. . . . . .
Patient Population. One hundred and six patients with

No such correlation was found when MVD was measured by . 3 ! ;
factor VIII (23). Giatromanolakiet al. (24) found a positive surgically resected NSCLC tumors were included in this study,

correlation with CD31 MVD but not with factor VIII. In a &l of which were collected prospectively from the Mayo Clinic
separate study of 87 NSCLC samples, Shijucal. (25) re- (Rochester, MN) from 1992 to 1993. The epidemiological data
ported that the levels of VEGF, osteopontin, and MVD were including demographics, family history, occupational exposure,
higher and correlated with a poor clinical outcome in ADC medical history, and histopathological data on these patients
patients in comparison with SCC. The discrepancy as to the rol§ave been reported previously (28). The patients included 62
of angiogenesis and patient survival may be related to thenales and 44 females. All but 4 patients were cigarette smokers,
morphology of BVs and the type of VEGF isoform present. Datawith an average pack-year history of 63.1 for men and 41.5 for
from a study of 500 NSCLC samples showed that neoangiogenwomen. Histologically, 55 cases (52%) had ADCs, 29 had SCCs
esis could differ in its morphological appearance. Three pattern§27%), and 22 had LCCs (21%). The clinical stages are sum-
were characterized by the destruction of lung parenchyma antharized in Table 1. The tumor status (T) was available on all
the production of new BVs. The fourth pattern, which was patients. In addition, the lymph node status and the clinical stage
called alveolar and presented in 16% of the tumors, showed avere known for all but 2 and 1 patient, respectively.
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Immunohistochemical Methods. In addition to H&E  (48%) samples demonstrated a score of 2 or higher for anti-
light microscopy examination, 44 tissue sections were cut COX2 (Fig. BB), and 61 tumors (58%) showed anti-VEGF
from paraffin blocks and mounted on electrically chargedscores of 2 or higher (Fig.d). Both NOS2 and COX2 levels
glass slides. The sections were heated in an oven at 60°C fahowed a positive correlation with VEGF overexpressiBn{(

45 min, deparaffinized in three changes of xylene solution,0.001 andP < 0.03, respectively). NOS2 levels of overexpres-
and dehydrated in decreasing alcohol grades for 5 min eactsion were higher in certain histological subtypes, such as LCCs
Endogenous peroxidase was quenched by immersion in 3%l6 of 22; 73%) and ADCs (28 of 55; 51%). NOS2 overexpres-
hydrogen peroxide for 30 min. An antigen retrieval method sion in SCC was uncommon and only seen in 7 of 29 samples
followed, using a microwave at 140 joules and antigen re-(24%;P < 0.002). However, increased expression of COX2 or
trieval solution (BioGenex, San Ramon, CA) for 30-min VEGF did not show a preference to any histological subtypes of
periods. The sections were incubated overnight at 4°C intumor. Increased levels of VEGF were seen in 34 ADCs (62%),
moisture chambers with a battery of MAbs including anti- 13 SCCs (45%), and 14 LCCs (64%). COX2 overexpression
NOS2, anti-COX2 (Transduction Laboratories, Lexington, was present in 26 ADCs (47%), 14 SCCs (52%), and 11 LCCs
KY), and anti-VEGF and anti-CD31 (Dako Corp., Santa (50%). In addition, elevated VEGF levels were found in 39
Barbara, CA) at dilutions of 1:125, 1:25, 1:50, and 1:50, (76%) and 36 (71%) of all tumors.

respectively. Antibody binding was detected by subsequent ~ MVD showed a mean of 78 BVs/nthin non-SCCs (ADCs
incubation with a biotinylated secondary antibody andand LCCs combined) as compared with SCCs with a mean of 73
streptavidin peroxidase complex (ABC kit; Vector Labs, Bur- BVs/mn? (Fig. 1, D andE). Furthermore, only 20% of SCCs
lingame, CA). Chromogenic development was obtained byhad MVD of >100 BVs/mnf when compared with 30% of
the immersion of sections in a 3;8iaminobenzidine solu- non-SCC tumors. Individual levels of VEGF, COX2, and NOS2
tion (0.25 mg/ml with 3% hydrogen peroxide). The slides were all significantly correlated with MVD directly with
were counterstained with Mayer’'s hematoxylin (Biogenex) values at 0.46, 0.32, and 0.47, respectivéty<t 0.001). Al-

and coverslipped after the application of mounting medium.though the tumor size, lymph node status, patient outcome, and
The results for NOS2, COX2, and VEGF MAbs were re- survival did not correlate with NOS2, COX2, VEGF overex-
ported as a combined score of distribution and intensity agpression or MVD P > 0.05). Overall, the mean MVDs in
described in previous work on p53 (28). For the purpose ofclinical stages I-IV were not statistically different (72, 80, 79,
statistical analysis for anti-NOS2, anti-COX2, and anti- and 87/mm; 56% of the tumors with<100 BVs/mn? were in
VEGF, a score of 0 or 1 was considered baseline or normactlinical stage | when compared with 38% of the tumors with
expression, whereas scores of 2 or more were considered100 BVs/mn?). In addition, 44% of the tumors witk<100
overexpression. The anti-CD31 results were reported as nunBVs/mnt were in stages [l-Wersus62% of the tumors with
bers of BVs <20 um in diameter. For each section, the MVD >100 BVs/mnf. When tumors were segregated histolog-
number of BVs in the so-called “hotspots” at the tumor- ically, MVD showed a more significant correlation with non-
stromal interphase (1) were captured»>atO in five fields, = SCC clinical stage than SCC tumoRs<£ 0.0001). Furthermore,
using Spot software program version 2.1 (Diagnostic Instru-the NOS2 and COX2 levels did not correlate with patient
ments, Inc., Sterling Heights, MI), and counted manually. pack-years of tobacco smoking or age at diagnosis, or the gender
Then the average of the BV count/mm samples was calcuef the patients® > 0.05).

lated (1).

Statistical Analysis. Statistical analysis was performed
using SPSS version 10 (Chicago, IL). The Spearman rank-ordd?ISCUSSION
correlation coefficient was used to assess the relation among The data presented here highlights three significant find-
VEGF, NOS2, COX2 (using the combined score of intensityings: @) NOS2, COX2, and VEGF exhibit overexpression in
and distribution), MVD, and other continuous variables. Asso-~50% or more of the tumorspj increased levels of NOS2,
ciations among a variety of variables, including, gender, tumorCOX2, and VEGF are directly correlated with MVD, as meas-
histology, smoking history, and family history of malignancy, ured by the number of CD31-reactive BVs at the tumor-stromal
were evaluated using the? test for heterogeneity or Fisher's interphase; andc] the incidence of NOS2 overexpression was
exact test as appropriate. Kaplan-Meier analysis was used t&ore common in ADC and LCC tumors when compared with
assess the relation of disease-free survival to overexpressiopCCs. Although the NOS2 and COX2 status have been inves-
using the log-rank test. Student'sest was used to compare the tigated in several neoplastic and preneoplastic conditions, little
continuous variables including age at diagnosis and lifetimevork has been done on the lung. In a separate work and on a
smoking dose expressed in pack-years, by the nominally clagimited number of samples, Amtet al. (8) were able to detect
sified VEGF, NOS2, and COX2. Associations were consideredncreased levels of NOS2 in NSCLC samples. Furthermore,
statistically significant if the two-tailed® was <0.05. Fujimoto et al. (29) in a study of 72 primary NSCLC samples

were able to detect high levels of NOS2 more frequently in
ADCs than other histotypes. In five of eight cases with high
RESULTS NOS2 overexpression, a p53 transversion, G:C to T:A, was

The status of NOS2, COX2, VEGF, and MVD are sum- identified, suggesting that NOS2 may play a key role in the
marized in relation to demographic, histopathological, and clin-carcinogenesis of certain histological types of lung cancer (30).
ical data in Table 1. Of 106 cases, 51 tumors showed anti-NOS2Ithough our data showed increased overexpression of NOS2 in
immunoreactivity of 2 or higher (48%; Fig.A). Fifty-one  ADC and LCC histological subtypes, we were not able to
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Fig. 1 Angiogenic proteins in a NSCLC cas&, NOS2 expression in a female patient with ADC. Reactivity is seen in the cytoplasm. This case
received a score of B, COX2 status. In addition to tumor cell reactivity with anti-COX2 MADb, adjacent mononuclear inflammatory cells show the
enzyme expression as well, represents the VEGF status. Intense cytoplasmic staining is observed in tumor cells. Reactivity also is present in
intratumoral blood vessel200. CD31 immunoreactivity in two samples with different BV density. High BV count is seénas compared with

low vascularity inE. X100.

correlate with p53 G>T transversions that were published MVD of >100 BVs/mnt presented in higher clinical stages
earlier by our group (28). On the other hand, the ADC subtypethan those with MVD o0& 100 BVs/mn? (62%versus44% with
presents with several unique features both clinically and biologa P < 0.01). Furthermore, the results were more significant
ically. The tendency to predominate in women, and individualswhen tumors were separated based on their histolofles (
with no known history of tobacco exposure (31), and the tend-0.001).
ency for early hematological dissemination suggests a different ~ The variability of the results may be attributed to the
carcinogenic pathway, perhaps involving endocrine factors (32)histological type of lung cancer used in these studies. Some
Our work and others have shown a difference in frequency andnvestigators have reported that MVD and VEGF and its recep-
spectra of p53 mutations in various NSCLC histological sub-tor status are associated with ADCs (19, 21) but not SCCs (34),
types. Overall, p53 mutations were 2.5 higher in SCCs withwhereas others have suggested only SCC tumors showed such
greater propensity for & T transversions than those observed correlation (36), and occasionally with a subgroup of SCC
in ADCs (33, 34). The MVD in our cohorts of tumors may tumors (37). The methodology to measure MVD (marvgabus
explain the higher incidence of early metastasis observed in theomputer-assisted imaging) as well as the site where MVD is
course of ADCs, because the mean MVD in ADCs was 79mm measured can contribute to the discrepancy of the role of an-
compared with SCCs, with a mean of &8 € 0.05). giogenesis and patients’ survival. Some investigators have used
Our angiogenesis data did not correlate with patients’ out-the number of BVs per high-power field as an index for MVD
come and prognosis. This is not surprising in light of contra-(38), whereas others have used the number of hotspots at the
dicting data on the role of angiogenesis, because biological antimor-stromal interphase (2). Still, other factors for this contro-
prognostic markers have been reported (19, 22, 25). Theseersy may be attributed to the epitope of anti-VEGF MAb used.
conflicting results may be attributed to several variables. In aEvidence of several different VEGF isoforms secreted by dif-
study of 108 NSCLC samples, Yara al. (19) showed that ferent NSCLC tumors has been reported (35). The morphology
MVD levels as measured by CD34 had a direct relation withof the new vessel formation may yet represent another variable
survival; however, using the same tumor samples, similar resultfactor, because only BVs that display host-stromal infiltration
could not be observed with factor VIII. Similarly, CD31, the appear to correlate with poor outcome (27). Finally, our cohort
most widely used vascular marker, is known to recognize arrepresented lung cancer patients that were good candidates for
epitope present in both mature and immature venules and caysurgical resection. Those with T4 tumors or N3 were not in-
illaries. Recently, Kakolyriget al. (35) observed that the pres- cluded in this group. This clinical bias also may explain the lack
ence of immature newly formed BVs can serve as a betteof correlation of MVD and other angiogenic factors studied with
indicator for neoangiogenesis. However, more tumors withpatient survival or tumor behavior.
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Angiogenesis appears to play a significant role in cancerl3. Schmedtje, J. F., Jr., Ji, Y. S., Liu, W. L., DuBois, R. N., and Runge,
progression and evolution. Thus, novel therapies have emerged- S. Hypoxia induces cyclooxygenase-2 via the R p65 transcrip-
that use this phenomenon as a target for cancer therapies. fign factor in human vascular endothelial cells. J. Biol. Che272:
date, more than three dozen clinical trials have been approve 41_'3608' :927',\/' bidelli L. Cui. X. L.. Douglas. J. G.. Hood. J. D
nat arget tumor angiogenic and antangiogeric facors such i Nor0el L € X L Douaes 3,6, Hood 3.0,
endostatin, VEGF, IFN2a, anda-2-macroglobulin, or tissue  gjgnal of vascular endothelial growth factor-induced extracellular sig-
inhibitors of metalloproteases and pharmaceutically preparedal-regulated kinase 1/2 activation in postcapillary endothelium. J. Biol.
agents such as selenium-based dregg,, Thalidomide, Apli-  Chem.,273: 4220-4226, 1998.
dine, and others (39—-42). However, we have shown that COX2]5. Dameron, K. M., Volpert, O. V., Tainsky, M. A., and Bouck, N.
NOS2, and VEGF levels correlate with the degree of MVD Control of angiogenesis in fibroblasts by p53 regulation of throm-
individually, and their levels appear to correlate with each other P0SPOndin-1. Science (Washington D@g5: 1582-1584, 1994.
Thus, it is likely that angiogenesis-based treatment protocol%e' Crawford, S. E., Stelmach, V., Murphy-Ullrich, J. E., Ribeiro,

. N R . M., Lawler, J., Hynes, R. O., Boivin, G. P., and Bouck, N. Throm-
that target individual proteins will have modest yields and bospondin-1 is a major activator of TGEZ in vivo, Cell, 93: 1159—

perhaps disappointing results. 1170, 1998.
17. Subbaramaiah, K., Altorki, N., Chung, W. J., Mestre, J. R., Sampat,
A., and Dannenberg, A. J. Inhibition af/clooxygenase-gene expres-
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